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j  ABSTRACT 

The  prophyLacClc  or  CherapeuCic  anclvlral  acclvicy  of  selected  ismunCDOdulaCors 
was  evaluated  against  bunya^  flavi-f^ and  arenavirus  infections.  CL- 246. 738,  an 
acridine  hydrochloride  derivative  (AD)  made  by  Lederle  Laboratories,  was  highly 
effective  against  Rift  Valley  fever  virus  (RVW),  v*>en  given  by  oral  or 
parenteral  routes.  S-26308,  a  quinolinamiite  derivative  (QD)  fran  Riker 
Laboratories,  given  orally  or  parenterally  exhibited  mark^  efficacy  against 
KVFV  infection  in  mice.  While  three  doses  were  required  for  maximm  therapeutic 
efficacy  (85%),  a  single  dose  yielded  60%  survivors.  Viremia  was  ccmplecely 
abrogated  by  AD  and  QD.  Hunan  recombinant  o-interferon  was  also  very  effective 
for  treatment  of  yellow  fever  virus  infections.  The  stabilized  fora  of 
polyriboinosinic:  polyribocytidylic  acid  [poly(ICLC)l  was  effective  in  nxlents 
against  bunyavirus  infections,  but  not  against  arenavirus  infection. 

Furthermore,  a  marked  synergism  was  obtained  vhen  AD  or  poly(lCLC)  therapy  was 
combined  with  Che  antiviral  drag  ribavirin  for  the  treatment  of  RVFV  infection. 
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UflRODUCnOH 

In  the  past  two  decades,  interactions  between  viruses  and  the  imnune  system  have 
been  studied  extensively  (Allison,  1972;  Mims,  1982).  These  investigations  have 
revealed  chat  rjany  specific  and  nonspecific  imnune  mechanisms  protect  the  host 
against  viral  infection,  diminish  viral  spread,  and  promote  recovery.  The 
relative  importance  of  each  mechanism  is  strongly  dependent  upon  the  virus  in 
question  (Allison,  1974).  Effective  treatment  of  viral  infections  by 
stimulation  of  the  specific  and  nonspecific  compartments  of  the  laniune  systems 
has  been  a  long  standing  goal  of  clinicians  and  basic  scientists  alike.  As  a 
result  of  recent  advances  in  understanding  Che  ismune  system,  Che  use  of 
inmunomodulacocy  compounds  Co  modify  Che  host's  biological  response  is  emerging 
as  a  new  and  rational  form  of  antiviral  therapy.  The  purpose  of  this  work  was 
CO  evaluate  Che  antiviral  efficacy  of  selected  ismunomodulatory  compounds 
against  infection  with  representative  members  of  three  viral  families.  Prevlcxis 
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strudles  have  demonstraced  Che  iamunooiodulacory  accivicy  of  these  compounds 
(Dietrich,  1986;  Fidler,  1982;  Levy,  1983;  Miller,  1986;  Wang,  1986).  Our  study." 
focused  on  their  antiviral  efficacy, 

RESULTS  .  . 

Prelisiinary  studies  indicated  that  administration  of  a  single,  50-mg/kg,  oral 
dose  of  AD  was  effective  (60  and  70Z  survivors,  respectively)  vhcn  given  either 
1  day  before  or  1  day  after  challenge  of  6-8-week-old,  Swiss  Webster  mice  with 
250  plaque  fotining  units  (PFU)  of  RVFV.  ^4llciple,  daily,  50-mg/kg  doses  of  AD 
were  well  tolerated  and  improved  survival  to  832  (data  are  not  shewn) .  Because 
the  biological  activity  of  unnunomodulators ,  including  AD,  is  knoiai  to  last 
several  days  and  because  frequent  administration  of  imnunciixxiulacors  may  cause 
hyporespons i veness ,  it  was  important  to  select  an  effective  treatment  regimen 
with  the  ftt^est  p<jo....ule  injections  (Fig.  1).  Practically  identical  efficacy 
was  obtained  (80,  90,  or  1002  survivors,  respectively)  when  a  daily,  50-mg/kg, 
oral  dose  of  AD  was  given  in  a  five-dose  regimen  cn  days  1  to  5;  a  three-dose 
treatment  regimen  given  on  days  1,  4,  and  7;  or  a  four-dose  regimen  given  cti 
days  1,  3,  6,  and  10.  When  initiation  of  AD  treatment  wof  delayed  until  48  hr 
poscinfeccion,  402  of  treated  animals  survived  (data  not  shown).  Treatment 
initiated  more  chan  48  hr  poscinfeccion  was  not  effective. 
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Fig.  1.  Efficacy  of  AD  (CL-246.738)  against  RVFV  infection  in 
CD-I  mice.  Mice  (n  -  18)  were  challenged  with  250  PFU  of  RVFV 
on  day  0  and  Created  with  dally,  oral,  50-mg/kg  doses  of  AD 
given  as  follows;  (A)  on  days  1  to  5;  (O)  <3n  days  1,  4,  and 
7;  or  (•)  on  days  1,  3,  6,  arxi  10.  Placebo-treated  mice  are 
represented  by  the  d^hed  line. 

A  therapeutic  synergism  was  revealed  with  AD  and  ribavirin  wherein  effective 
treatment  of  RVFV-i^ecced  CD-I  mice  was  achieved  by  combining  doses  of  each 
drug  vhich,  when  given  alone,  were  not  effective  (Fig.  2).  In  this  study,  12.5 
mg/kg  of  AD  (orally)  and  50  mg/kg  of  ribavirin  (intraperitoneally) ,  were  given 
either  alone  or  in  combination  on  days  I,  3,  6,  and  8.  This  combination 
treatment  yielded  802  long-term  survivors,  whereas  no  mice  survived  in  those 
groups  given  AD  or  ribavirin  alone.  The  combination  treatment  given  on  this 
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Fig.  3.  Efficacy  of  QD  (S-26308)  against  RVFV  infection  in  CD- 
1  mice.  Mice  (n  -  10)  were  challenged  with  250  PFU  of  RVFV  on 
day  0  and  Created  with  a  single,  oral,  25-tng/lcg  dose  of  QD  cn 
day  -3  to  day  +2.  The  number  of  surviving  mice  was  recorded  on 
days  4,  7,  10,  and  21  after  each  treatment. 
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Fig.  4.  Efficacy  of  QD  (S-26308)  against  RVFV  infection  in  CD- 
1  mice.  Mice  were  challenged  with  250  PFU  of  RVFV  and  Created  i 

subcutaneously  (solid  blocks)  or  orally  (open  blocks)  with 
12.5-  or  25-mg/kg  doses  of  QD  given  on  days  1  and  6  or  days  1, 

6,  and  11  posCinfection. 

actainiscration  of  12  or  6  mg/kg,  yielded  82  and  50Z  survivors,  respectively 
(Table  1 ) .  Since  Che  single  dose  IDcq  of  QD  free  base  in  5S  Tween-80  is  500 
mg/kg,  oral  administration  of  12  mg/l^  of  Ae  compound  appears  to  have 
appropriate  safety  margin  for  antiviral  therapy. 

Maramyltrlpeptide  phosphacidyl-ethanolamine  (KCP-FE,  Clba-Geigy,  Switzerland), 
n  itnnuncmodulator  with  antiviral  efficacy,  is  among  the  few  immuncmodulators 
v*iich  does  not  i..dace  interferon  (ptetrich,  1986).  It  is  known  to  stimulate  the 
Cumoricidal,  cytotoxic  reactivity  of  niacropnages  ana  natural  killer  (NK)  cells 
(Fidler,  1982).  Prophylactic  or  therapeutic  administration  of  as  little  as  25 
ug  per  nxxise  of  liposome-encapsulated  MTP-PE  (LE-MTP)  was  effective  in  Swiss 
Webster  mice  against  a  relatively  small  (25  PFU)  challenge  of  (Fig.  7). 
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Fig.  6.  Efficacy  of  (p  (S-26308)  against  RVFV  Infection  in  CD- 
1  mice.  Mice  were  Infected  with  250  PRJ  of  RVFV  cn  day  0  and 
treated  on  postinfection  days  1,  6,  and  11  with  oral  or 
subcutaneous  administration  of  12.5-  or  25-mg/kg  doses  of  QD 
solubilized  in  lactic  acid  (solid  blocks)  or  oleic  acid  (open 
blocks)  vehicles. 


Fig.  7.  Prophylactic  (t)  and  therapeutic  (♦)  efficacy  of 
liposome  encapsulated  MTP-PE  against  RVFV  infection  in  Swiss 
Webster  mice.  Mice  (n  -  10)  were  infected  with  25  PFU  of  RVFV 
on  day  0  and  given  25  ug  of  liposome  encapsulated  KTF-PE 
(LE-MTP)  or  a  mixture  of  aspty  liposome  and  MTP-PE  (EL+MTP)  by 
intravenous  ackninistration  on  days  indicated  by  arrcMs. 

Pol3rriboinosinic-polyribocytidylic  acid  stabilized  with  poly-L- lysine  and 
carboxymethylcellulose  [poly(ICLC)]  is  effective  In  the  treatment  of  a  variety 
of  experimental  viral  infections  (Harripgton,  1977;  Stephen,  1977).  We  have 
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reported  previously  on  the  efficacy  of  poly(lCLC)  a^jainsc  RVFV  infection  in 
Swiss  Webster  and  CD-I  mice  (Kende.  1987).  The  optimal  treannent  schedule  for 
poly(ICLC)  was  determined  by  using  the  Cox  Model  (Table  2),  which  ranks 
treatment  efficacy  in  terms  of  relative  risk  of  death  (Hopkins.  1983).  For  this 
evaluation,  groups  of  mice  ihre  treated  with  a  one-dose,  two-dose,  or  three-dose 
regimen  of  20  ug  of  polydCLC)  given  ip  by  daily  injections  before  or  after 
viral  challenge,  as  indicated  in  the  four  left  columns.  The  relative  risk  of 
death  Cor  the  various  treatment  regimens  was  ranked  according  to  increasing  or 
decreasing  values  as  compared  to  U.e  standard  treatment  value,  defined  as  I  for 
the  day  0  treatment.  Table  2  is  divided  into  three  sections,  with  the  upper 
third  containing  treatment  schedules  which  produced  efficacies  Inferior  to  the 
standard  (day  0)  treatment;  the  middle  third  contains  schedules  with  equal 
efficacy;  and  the  lower  third  contciins  schedules  that  were  sij^nificantly  better 
than  the  standard  treatment.  These  three  efficacy  categories  were  distinct 
because  the  relative  risk  of  death  associated  with  the  treatment  was 
significantly  higher  (p  <  0.05),  indistinguishable  (p  >_0.05),  or  significantly 
lower  (p  <  0.05)  than  the  day  0  treatment.  The  efficacy  obtained  on  days  -1  and 
+1  was  undefined  because  of  the  proximity  of  the  two  doses.  The  optimal 
treatment  schedule  was  a  three-dose  regimen  given  on  days  -4,  +1,  and  +6.  This 
schedule  induced  the  longest  duration  of  effect  concurrent  with  highest  efficacy. 
Additional  studies  demonstrated  comparable  efficacy  with  I,  5,  and  10  ug  doses 
of  polydCLC)  administered  on  the  optimal  treatment  schedule  (data  not  shown). 

Table  2  ^ficacy  Ranking  with  Incremental  Relative  Risk  of 

Death  of  20  i«  polydCLC)  Treatment  Regimens  Versus  Standard 

(Day  0)  Treatment  in  RVFV-Infected  Mice  (N  -  10) 
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Fig.  8.  Efficacy  of  liposone  encapsulate  MTP-PE  (LE-MTP) 
against  RVFV  infection  in  Swiss  Webster  mice.  Mice  (n  -  10) 
were  given  250  PFU  of  RVFV  on  day  0  and  treated  with  ( — ) 

100  ug  of  LE-MTP  intranasally;  ( - )  AO*  ug  of  LE-MIP 

intravenously;  or  ( - )  placebo. 

The  therapeutic  efficacy  of  poly(ICLC)  in  treatment  of  RVFV-infected  mice  is 
shewn  in  Fig.  9.  Groups  of  mice  were  treated  with  8-.  7-,  or  6-dose  regimens  of 
20  ug  of  poly(ICLC)  per  mouse,  cocmencing  respectively  1,  2,  or  3  days  after 
inoculation  with  RVFV.  The  treatment  series  was  concluded  16  days  after 
challenge  yielding  100,  40,  and  10X  survivors,  respectively.  Most  untreated 
mice  died  by  day  5,  and  all  by  day  10. 
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Fig.  9.  Therapeutic  efficacy  of  poly(ICLC)  against  RVFV 
infection  in  Swiss  Webster  mice.  Mice  (n  -  10)  were  challenged 
with  250  PFU  of  RVFV  on  day  0  and  treat^  intraperitoneally 
with  20  ug  of  poly(ICLC)  per  mouse  given  in  8  (O),  7  (•),  or 
6  (A)  daily  doses  coiaoencing  on  days  1,  2,  or  3.  Days  of 
treatment  are  indicated  by  arrews. 
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Therapeutic  treatments  with  poly(ICLC)  doses  lower  chan  20  were  Less 
effective  or  not  effective  at  all  (data  not  shown) .  We  next  examined  the 
possibility  of  synergism  viien  using  ineffective  doses  of  poly(ICLC)  together 
with  ribavirin  during  the  period  between  the  time  of  virus  inoculation  arxi  death 
(Fig.  10).  Challenge  with  250  PFU  of  RVFV  caused  death  in  92X  of  the  untreated 
mice  by  day  6.  Initiation  of  treatment  24  hr  after  challenge  with  1  of 
poly(ICLC)  or  50.  25.  or  12.5  mg/kg  of  ribavirin,  resulted  in  17,  33,  8,  and  OZ 
survivors,  respectively.  However,  with  the  combination  treatment,  a  high  degree 
of  synergism  was  revealed  when  1  ug  poly(ICljC)  vas  combined  with  50,  25,  or  12.5 
mg/kg  of  ribavirin,  yielding  75.  92,  and  58X  survivors,  respectively. 
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Fig.  10.  Enhanced  therapeutic  efficacy  of  poly(ICU:)  and 
ribavirin  against  RVFV  infecticn  in  mice  on  day  21 .  Mice  were 
challenged  with  250  PFU  of  RVFV  on  day  0  and  treatment  was 
initiated  24  hr  postinfection  as  follows:  (Q)  1  of 
poly(ICIjC)  per  mouse  on  days  1,  4,  and  9;  (B)  50  ,  25,  or  12.5 
mg/kg  of  ribavirin  on  days  1  to  4,  7,  9,  and  1 1 ;  (B)  1  of 
poly(ICLC)  per  mouse  on  days  1,  4,  and  9  plus  50,  25.  or  12.5 
mg/kg  of  ribavirin  on  days  1  to  4,  7,  9,  and  11;  and  (dashed 
line)  placebo. 

Prophylactic  treatment  of  RVFV  infected  mice  with  three  doses  of  20  or  1  ug.  of 
poly(ICLC),  given  with  3  to  4  day  intervals  between  injections  consistently  gave 
80  to  1001  survivors.  Consequently,  these  doses  and  schedule  were  anploy^  for 
the  evaluation  of  the  compound's  interferon-inducing  potency.  Compared  with 
20  ug  of  poly(ICLC)  per  mouse,  1  ug  induced  less  interferon,  viz.  6000  lU  and 
1000  lU/ml,  respectively  (data  not  shown).  Apparently,  1000  lU/ml  was 
sufficient  to  protect  80  to  1001  of  the  infected  mice  from  RVFV  infection. 
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As  the  primary  replication  site  for  several  viruses  is  the  liver,  we  examined 
the  effect  of  poly(ICLC)  in  stimulating  liver  NK  cells  (Table  3)  and  macrophage 
cells  (Table  4)  in  cytotoxicity  assays.  In  this  study  1  mg/kg  [' 2Cug  poly(ICLC)] 
stimulated  NK  and  macrophage  cytotoxicity.  Nonspecific  cellular  reactivity 
probably  plays  a  role  in  the  stimulation  of  the  antiviral  state  of  the  host. 


X  Cytotoxicity 

Activator^ 

Dose 

50:1 

25:1 

HBSS 

0.2  ml 

40.1, 

19.9,. 

Poly(ICLC) 

1.0  mg/kg 

80.5° 

65.1° 

C.  parvum 

0.8  mg/kg 

29.7° 

71.9° 

^The  activator  was  injected  intraperitoneally  3  days  prior  to  the 
assessment  of  NK  cell  cytotoxicity  using  a  4-hr  ^Xr  release  assay  with 
YAC  tumor  cells. 


Significant  increase  in  cytotoxicity  (p  <  0.01) 
HBSS  -  Hanks'  balanced  salt  solution 


TABLE  4  In  Vivo  Activation  of  Liver  Macrophage  Cytotoxicity  of  (3iH/HeN  Mice 


X  Specific  lysis 

Activator^ 

Dose 

50:1 

25:1 

HBSS 

0.2  ml 

PolydCLC) 

1.0  mg/kg 

19.8° 

17.2° 

C.  parwmi 

0.8  mg/kg 

28.0° 

22.9° 

^The  activator  was  injected  intraperitoneally  3  days  prior  to  the  assay 
with  "'in-labeled  L-5I  tumor  target  cells. 

Significant  increase  In  X  specific  lysis  (P  <  0.01). 


The  efficacy  of  endogenously  induced  interferon  was  equaled  with  exogenous 
interferon.  Therapeutic  administration  of  human  recombinant  n-interferon 
(Hoffmann-La  Roche)  entirely  abrogated  viremia  in  African  green  monkeys  given 
yellow  fever  virus  (Fig.  11).  All  treated  monkeys  (n  -  4)  became  seropositive 
but  their  yellow  fever  virus  antibody  titers  were  30  times  lower  than  in 
placebo-treated  animals  (n  -  4). 

Only  Pichlnde  virus  infection  (used  as  a  model  to  study  the  highly  pathogenic 
Lassa  fever  virus)  did  not  respond  to  treatment  with  imnuncmodulators.  However, 
an  enhanced  therapeutic  response  was  obtained  when  a  combination  of  poly(ICLC) 
and  ribavirin  was  given  to  strain-13  guinea  pigs  infected  with  a  lethal 
challenge  of  Pichlnde  virus  (Table  5) .  Combination  treatment  with  ribavirin  and 
AD  or  QD  did  not  yield  enhanced  efficacy *in  Pichlnde  virus-infected  guinea 
pigs.  While  combinations  of  AD  or  poly(lCLC)  and  ribavirin  were  highly 
synergistic  in  treating  RVFV-infected  mice  (Fig.  2  and  Fig.  10  respectively), 
combination  of  QD  and  ribavirin  was  cnly  marginally  synergistic. 
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against  yellow  fever  virus  infection  in  Axrican  green 
monkeys.  Monkeys  were  challenged  with  400  PFU  of  Dakar  strain 
yellow  fever  virus  on  day  0  and  given  5  x  10^  lU/Kg  of  HuRo-UTT 
(■)  or  placebo  (#)  on  days  1,  2,  4,  5,  and  7. 


TABLE  5  Enhanced  Therapeutic  Efficacy  of  Ribavirin  and  Selected 
Imnunomodulacors  Against  Rift  Valley  Fever  and  Pichinde  Virus  Infections 


Virus-host 

Ribavirin 

Ribavirin 

Ribavirin 

+ 

+ 

Poly(ICLC) 

Acridine  (AD) 

Quinolinamine  HCl  (QO) 

Rift  Valley  fever  virus 
S-W  or  CD-I  Mice 

++++ 

++++ 

-H- 

Pichinde  vi  rus 

Strain- 1 3  guinea  pig 

0 

0 

0  -  No  survivors.  ++  -  25-50%  survivors.  ++++  -  76-100%  survivors. 


DISCUSSION 

The  antiviral  efficacy  of  selected  umiunonxxiulators  was  established  against 
viral  infections  in  several  aniaal  species.  The  antiviral  activity  of 
immiinciDodulators  is  exerted  by  their  ability  to  stimulate  humoral  and  cellular 
immune  responses  nonspecifically.  For  that  reason,  their  efficacy  does  not 
depend  on  the  inhibition  of  viral  specific  enzymes  which  may  not  be  cannon  to 
many  or  all  of  the  viruses.  The  use  of  a  broad  spectrum,  nonspecific 
imnunomodulator  would  be  advantagetxjs  for  antiviral  treatment  when  the  identity 
of  the  virus  is  unknown,  or  when  the  properties  of  the  virus  are  altered. 
Furthermore,  this  group  of  substances  is  also  suitable  for  general  antiviral 
protection  wt)en  vaccination  is  not  possible  before  entering  an  endemic  area. 

All  but  one  of  Che  immunoroodulators  ex^ined  in  this  study  are  potent  interferon 
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inducers.  Because  recc«iibinanC  interferon  is  available,  one  question  chat 
remains  is  whether  its  use  is  preferable  to  that  of  interferon  inducers.  While 
comparative  studies  are  required  to  decide  \diich  is  more  effective  and/or  safer, 
induction  of  antibodies  against  interferon  can  occur  only  with  the  use  of 
exogenous  interferon.  For  this  reason,  an  interferon  inducer  appears  to  be  more 
suitable  for  prophylactic  treatment. 

Interferon  is  not  the  sole  mediator  of  nonspecific,  antiviral,  imnune 
responses.  Interferon  can  serve  to  induce  other  soluble  mediators  (cytokines), 
and  itself  can  be  induced  by  cellular  products,  which  operate  mainly  as 
intercellular  signals.  In  either  case,  a  series  of  interactions  occur  between 
the  soluble  mediators,  macrophages,  and  various  lymphocyte  subsets  resulting  in 
the  activation  of  nonspecific,  antiviral,  inmune  mechanisms.  The  cytokines  are 
produced  in  very  small  quantities,  but  are  extremely  potent  in  their  biological 
activities.  Because  of  recent  advances  in  molecular  biology  and  recombinant 
technology,  cytokines  like  interleukin  I  and  2  are  available  in  sufficient 
quantity  to  study  their  possible  antiviral  role.  So  far,  interleukin  1  and  2 
have  failed  to  achieve  the  expected  efficacy. 

It  is  conceivable  that  prophylactic-antiviral  activity  giving  continuous 
protection  against  viral  infection  can  be  maintained  for  a  prolonged  period  by 
administration  of  innunomodulators  at  4-  to  6-day  intervals.  Therapeutic 
administration  of  iMDunamodulators  can  be  very  valuaole,  and  additional 
therapeutic  advantages  can  be  obtained  by  ccobination*  of  imnunomodulators  with 
effective  antiviral  drugs  such  as  ribavirin.  Enhancasent  of  therapeutic 
efficacy  by  combination  therapy  with  cctnpounds  having  different  modes  of  action 
offers  an  attractive  approach  for  treatment  of  human  diseases.  Additional 
advantages  can  be  gained  by  carrier-mediated  delivery  of  imnunomodulators  or 
antivirals,  as  treatment  with  these  preparations  requires  smaller  doses  to 
achieve  the  same  efficacy  obtained  with  "free"  drug  (Kende,  1985). 
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